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PROBLEM DESCRIPTION 
The concept of micro grid interfaced with an active rectifier is an emerging technology for 
smart integration of dc distributed generation units to the ac grid where active rectifier 
plays the role of inverting dc to ac with appropriate control strategies.  
Having the operation of a synchronous generator in a micro grid introduces several 
advantages in terms of stability and reliability in the power system due the inherent 
damping and inertia properties of the machine. These advantages motivate the question if 
an active rectifier of a micro grid can imitate the behaviour of those inherent properties, can 
such stability and reliability be emulated in a micro grid. 
With the above intention, under the scope of the master thesis, firstly, a research should be 
carried on the state-of-the-art for uninterruptible power supplies (UPS) to mainly identify 
the active rectifier control strategies. Secondly, the concept of virtual synchronous machine 
(VSM) has to be further extended with the pre-studies from the fall project to observe the 
effects of virtual inertia and damping properties. 
Incorporating the above studies and simulations based on UPS and VSM, a model of an 
active rectifier should be developed making the choices from available control strategies. 
The model should be operable alone and in parallel with several active rectifiers in a micro 
grid both in grid-tied and island modes. Also the active rectifier model needs to emulate the 
inertia, damping and power sharing properties. 
 
Assignment given: Trondheim 01.02.2012 
Supervisor: Prof. Tore Marvin Undeland, Department of Electric Power Engineering, NTNU 
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ABSTRACT 
This dissertation presents an analytical study on virtual synchronous machine-based power 
control in active rectifiers for micro grids supported by prototype modelling, simulation 
results and discussions. 
Popularity and demand of the distributed energy resources and renewable energy sources 
are increasing due to their economic and environmental friendliness. Concept of micro grid 
with an active rectifier (AR) interface has been found to be promising for smart integration 
of such distributed generation units.  
Having the presence of a synchronous generator (SG) in a micro grid introduces several 
advantages in terms of stability and reliability in the power system. This is mainly owed to 
the inertia, damping and load sharing properties of SG. This in return, gives rise to the 
question if an AR of a micro grid can imitate the behaviour of a synchronous generator, can 
the stability and reliability introduced by SG be replicated in a micro grid.  
A research on the state-of-the-art for uninterruptible power supplies (UPS) has been carried 
out to identify the implementation and the control strategies of redundancy and parallel 
operation as UPS has been an established technology over the last decades. The theoretical 
study on virtual synchronous machine (VSM) concept in the fall, 2011, has been extended in 
developing a model with classical inner current control and outer voltage control loops 
based on the synchronous reference frame. 
The complete active rectifier model has been able to emulate the inertia, damping and load 
sharing properties of a SG and redundancy and expandability of parallel UPS systems. It 
must be emphasized that due to the flexibility of the virtual machine parameters and the 
absence of magnetic saturation and eddy current losses, a much improved performance 
have been achieved with a VSM compared to a synchronous generator. 
Simulations have been carried out for single and parallel operation of active rectifiers in 
island and grid-tied modes with satisfactory stability, damping and power sharing features. 
 
Key words – Active rectifier, virtual synchronous machine, micro grid, uninterruptible 
power supply, load sharing, redundancy, island mode, grid-tied mode, synchronous 
reference frame 
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NOMENCLATURE AND 
ABBREVIATIONS  
Symbols: 
abc Three phases in the natural reference frame 
αβ Axes in the stationary αβ-reference frame 
dq Axes in the synchronous reference frame 
(s) parameter in Laplace Domain 
Eq. Equation 
J Inertia 
e n 10n 
 
Subscripts: 
a,b,c natural frame a,b,c phases 
cap capacitor 
con converter 
D variables of Damping related  
e variables of electrical quantities 
filt Filter 
g quantities related to generator 
m variables of mechanical quantities 
syn synchronous  
 
Superscripts: 
° Degrees 
* reference parameter 
est Estimated  
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Abbreviations: 
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SG Synchronous Generator 
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SPWM Sinusoidal Pulse Width Modulation 
SRF Synchronous Reference Frame 
UPS Uninterruptible Power Supply 
VCO Voltage Controlled Oscillator 
VOI Virtual Output Impedance 
VSI Voltage Source Inverter 
 
 
  
 
1 Introduction 
1.1 Background & Motivation 
At present, the electrical power systems and networks around the globe are undergoing a 
timely change triggered by the economic and environmental [1] reasons supplemented with 
the rapid advancements in the field of power electronics. Renewable energy sources as such 
as wind energy and solar energy play a pivotal role in this transformation due their 
increasing popularity. It is evident from the fact that the European Union has issued the 
directives to achieve a 20% target from the overall share of energy from the renewable 
sources by 2020 [2]. 
Renewable energy sources and distributed energy resources have given risen to the 
requirement of distributed generation. Distributed generation has been the catalyst in the 
transition of the conventional vertical grid structure towards a much more meshed and 
amorphous grid structure as described in [3] and as illustrated in Figure 1-1. 
The concept of micro-grid is found to be the most promising approach for the smart 
integration of such distributed generation units (or micro sources) to the main grid or for 
islanded autonomous operation [4] due to its enormous technical advantages outlined in [5] 
and [6] with respect to the distributed energy resources. Most of such micro sources could 
be interfaced with fast acting converters to harness the maximum effectiveness of the micro 
sources [7]. The converter could be a dc to ac power converter (inverter) in a case where the 
source is a dc generator like photovoltaic voltage panel or an energy storage unit like fuel 
cells or else back-to-back (ac-dc-ac) converter for example in wind power generation. 
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Figure 1-1: Grid structural transformation from vertical to mesh structure due to the distributed generation 
 
When micro grids with micro sources interfaced with inverters are connected to the main 
grid, the micro sources will be in the grid-following mode [8] where the major responsibility 
of the system stability lies on the well-established main generators in the stiff grid. 
However, when the micro sources are required to operate in the island mode where the stiff 
grid network is no more connected to the micro grid, the challenge arises in the perspective 
of system stability and reliability.  
While appreciating the inherent ability for system stability of a synchronous generator (SG) 
as described in [9], it also stimulates the question if the inverters of a micro grid can imitate 
the behaviour of a synchronous generator will the stability and reliability issues be 
overcome in a micro grid particularly in the island operation.  
 
Power plants 
Transmissio
n network 
Distribution 
network 
Consumers 
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On the other hand, uninterruptible power supplies (UPS), a well-proven technology over 
the past decades, share much similar philosophy and challenges in terms of power 
conditioning in a micro grid. In fact, apart from the supplementation of synthetic inertia 
response with back-up power supply, in a way, UPS attempts to mimic the synchronous 
generator behaviour with giving more focus on control strategies rather than virtual 
synchronous machine (VSM) implementation. Therefore, understanding the control 
strategies of UPS has been identified as a key component in realizing a robust, fast acting 
inverter to mimic a virtual synchronous machine. 
Therefore, in summation, the motivation of the master thesis has been to 
imitate the damping and inertia properties of a synchronous generator and 
also replicate the modern control strategies of a UPS in an inverter such 
that the inverter acting in a micro grid will feature damping and inertia 
properties as well as redundancy and load sharing features of synchronous 
generator and UPS respectively. 
 
It must be noted that, under the scope of the master thesis, the inverter with such VSM 
properties and control strategies will be known as an active rectifier (AR) throughout this 
dissertation.  
1.2 System Overview, Objective & Applications 
Objective of the specialization project can be easily comprehended by first analysing the 
system of interest given in the Figure 1-2 
The system is comprised of synchronous generators and/or active rectifiers (AR) and a stiff 
grid as illustrated in the figure. Active rectifiers are sourced by the dc bus which could be 
powered by a battery bank or fuel cell. It must be noted that the source of the dc bus is not 
in the scope of the thesis therefore a constant dc voltage is reasonably assumed in the input 
side of the active rectifier.  
The system can be broken into mainly two subsystems as follows; 
1. Micro grid subsystem which is a mix of SG and/or AR and a local load 
2. Stiff grid subsystem.  
Micro grid contains the dc bus, active rectifier(s) and/or synchronous generator(s) and the 
local load. Synchronous generator within a micro grid is somewhat analogous to a stiff grid 
within the grid due to its much more robust electrical response upon a fault in the network 
and also for its line frequency forming nature. 
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The system operates at 690 Vr.m.s line to line voltage at 60 Hz. In a general view point, micro-
grid plus stiff network may function in three operating cases with 2 modes as enlisted 
below; 
1. SG-SG-Stiff Grid Case, Figure 1-2(a) 
a. Grid connected mode  
Both SGs are connected to the stiff network 
b. Islanded mode 
Stiff grid is disconnected from the micro grid, SGs are islanded 
2. SG-AR-Stiff Grid Case, Figure 1-2(b) 
Here one synchronous generator is replaced by one active rectifier 
a. Grid connected mode  
Micro grid is connected to the stiff grid 
b. Islanded mode 
Stiff grid is disconnected from the micro grid hence SG and AR are islanded 
 
3. AR-AR-Stiff Grid Case, Figure 1-2(c) 
Now instead of SGs, all sources in micro grid are ARs 
a. Grid connected mode  
Both ARs are connected to the stiff network 
b. Islanded mode 
Stiff grid is disconnected from the micro grid hence active rectifiers are islanded 
Under the master thesis, case 3 is predominantly investigated. 
1 Introduction 
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Figure 1-2: System overview with (a) SG-SG (b) SG-AR (c) AR-AR 
 
(a) 
Stiff Grid 
(c) 
Stiff Grid 
Stiff Grid 
(b) 
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Eventually, the total system with its functionality can be illustrated as in the Figure 1-3 
below. 
Therefore, the focus and objective of the project can be highlighted as follows. 
The focus of the master thesis is the active rectifier units in the micro grid. 
The main objective of the project is to emulate virtual synchronous 
generator behaviour in the active rectifiers so that they will imitate a 
synchronous generator behaviour in both grid connected and islanded 
modes and thereby provide the inherent advantages (refer chapter 4) those 
are offered when actually a synchronous generator is connected instead to 
the micro grid. The control strategies of the active rectifiers will be mainly 
inspired by the UPS inverter control schemes (refer chapters 3 & 5). 
 
Looking at the applications of the proposed solution in the master thesis, it is important to 
first look at what kind of micro grid which is interested in. Here, the micro grid could be a 
power network in an air craft, ship, an automobile or an offshore oil rig or even a small 
village. 
 
Figure 1-3: Total system overview with functionalities 
 
Vdc 
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In a time where rural electrification emerges with solar panels or localized wind turbines, 
the proposed solution of active rectifiers would be an ideal candidate to interconnect the 
intermittent renewable energy sources to form a stable and reliable micro grid.  
Taking craft electrification into account, green energy has been the new competitive 
advantage in the upcoming transportation industry. Under this circumstance, many air/sea 
craft manufactures are now looking at power generation with minimal use of fossil fuels. 
This leads to the on-board power generation of both ac and dc systems. The proposed 
solution again provides a strong reinforcement to interconnect ac and dc micro sources into 
one micro grid. 
1.3 Scope of the Thesis & Sequence of Work 
Scope of the thesis can be enumerated as follows; 
1. Theoretical study of state-of-the-art for UPS systems and their control strategies 
2. Analysis of different control architectures and strategies of modelling the active 
rectifier 
3. Modelling the active rectifier based on the optimal UPS and VSM control strategies 
to perform following features 
a. Virtual inertia 
b. Virtual damping 
c. Redundancy 
d. Load sharing 
4. Simulation of the active rectifier in stand-alone and parallel cases in grid-tied and 
island modes 
Sequence of Work: 
1. Understanding the diesel generator, governor and AVR operation in a micro grid 
2. Theoretical study on inertia, damping and load sharing of synchronous generators 
3. Modelling & simulation of virtual synchronous machine model 
4. Understanding the UPS features and control strategies 
5. Modelling, tuning, optimizing and simulation of current & voltage control loops 
6. Incorporating the classical control loop strategies along with VSM model to develop 
the VSM-based active rectifier 
7. Simulation cases in stand-alone and in parallel on grid-tied and island modes 
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1.4 Outline of the Thesis 
In the introduction chapter, a general introduction is presented highlighting the motivation, 
objective and application of the thesis. Also it contains the sequence of the thesis scope and 
sequence of work. 
Chapter 2 investigates the state-of-the-art for the active rectifiers in micro grids in terms of 
hardware and control strategies. It touches the options of having communication channels 
between the modules for successful load sharing. The important areas of the literature 
review are presented in separate chapters 3, 4 and 5 for clarity and  
Important studies of UPS are presented in the chapter 3. This chapter provides a total 
overview ranging from the classification to the harmonic but keeping the discussion within 
the scope of the thesis. The control strategies of the UPS systems are discussed in chapter 5 
separately. 
Chapter 4 is a review on synchronous generators and virtual synchronous machines. Most of 
this study was performed under the specialization project in the fall, 2011. The study 
analyses the physics behind the damping and inertia which are part of the core of the 
master thesis. 
The various options of active rectifier control strategies and control architectures are 
analysed and compared in the chapter 5. At the end of each comparison, the choice of the 
strategy/option is outlined along with the basis of selection. It also provides important 
theoretical discussions on phase-locked loops (PLL). 
Chapter 6 presents the modelling of different control modules based on the theoretical 
analysis in chapter 5. It provides simulation results to validate the model functionality and 
the theory behind its operation. 
Chapter 7 unveils the important simulation results of the VSM-based power control in active 
rectifier in a micro grid in stand-alone as well as in parallel operation both on grid-tied and 
island modes. 
Chapter 8 brings in the important conclusions of the thesis. Further work section outlines 
the areas to be given attention to and a recommendation section is included with personal 
opinions for an efficient model design 
NOTE: 
Throughout the thesis, important facts and conclusions have been 
emphasized in this format 
 
1 Introduction 
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1.5 Summary of Chapter 
Introduction chapter presents the general introduction to the entire thesis while 
highlighting the core motivation of emulating synchronous generator behaviour for stability 
and reliability of the micro grid. Chapter further presents the application of the proposed 
solution and total system overview while demonstrating different cases through which 
system has to undergo. In addition, it contains the scope of the master thesis and how the 
entire project was carried out breaking into small work packages. Under the thesis outline, a 
brief summary of each chapter is presented.  
 
  
 
2 State-of-the-Art for Active 
Rectifiers 
2.1 State-of-the-Art for Active Rectifiers 
Active rectifiers or power inverters have been an integral component of the power systems, 
power conditioning applications and motor drives technology since a many decades. Over 
the years, the art of inverter design has grown by leaps and bounds thanks to the ever 
advancing power electronic and semi-conductor technology. 
The performance evaluation criteria for active rectifiers would be output voltage quality in 
relation to harmonic distortion, power circuitry complexity, and implementation cost [10]. 
The foremost attention has been given in the hardware design and optimization of active 
rectifiers. The hardware design candidates like multilevel inverters is now in the process of 
outclassing the classical two level inverters due to its inherent advantages of higher voltage 
capability, reduction of input and output harmonic content, lower switching losses, higher 
amplitude fundamental and lower dv/dt [11]. 
The advancement of control strategies of the active rectifiers has been the other corner 
stone for high performance. There had been many novel control strategies proposed over 
the last decade for current control, voltage control and power control out of which, the 
relevant ones are discussed in the chapter 5: Active Rectifier Control Strategies.  
In general, the art of active rectifier design seemed to be highly influenced by the need for 
uninterruptible power supplies (UPS) for critical loads. Therefore, a complete chapter has 
been dedicated to discuss the UPS technologies. In the recent years, the synchronous 
generator behaviour has tremendously inspired the inverter technology. Especially with the 
emergence of renewable energy sources and distributed dc energy sources, the idea of 
synchronous generator behaviour emulation has found to be very promising and number of 
researches is being carried out.  
I believe the future of the art of active rectifier control strategies would be highly 
revolutionized by the idea of virtual synchronous machine where the heavy rotating masses 
and bulky damper windings will be replaced by small micro controllers. 
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2.2 Communication & Communication-less topologies 
One of the most obvious issues in a micro grid is whether to use a centralized or 
decentralized control structure for information of load sharing between the parallel active 
rectifiers. In the centralized control scheme, controller converter (or the master converter) 
will set the parameters to the rest of the slave converters whereas in return, the slave 
converters feedback the system information to the control converter. The communication 
can be carried out using a high frequency or low frequency communication channel. 
However, making the entire system depending on one control converter adds an extra 
element of risk to the system. Reliability of communication channels can be improved by 
utilizing the high frequency communication media like fibre optics which is then demanding 
in terms of infrastructure [12], [13], [14].  
2nd option is using the classical droop control method for converter operation which is also 
known as virtual synchronous machine method. This approach will depend only on the local 
measurements and also will have no hierarchy for the converters.  However, not having a 
frequency reference in the island mode will be an issue to be addressed.  
Of course, it can be proposed to have a hybrid system of both communication and 
communication-less system breaking the converters into clusters depending on their 
proximity to each other.  
2.3 Summary of Chapter  
Hardware designs and control strategies of inverters have been ever advancing in terms of 
power quality, complexity of circuitry and cost of implementation. UPS and synchronous 
generator systems have vastly influenced the modern control strategies of active rectifiers. 
Load sharing between the parallel active rectifiers in micro grids could be implemented 
using communication channels or wireless control strategies like droop control methods.  
 
 
 
 
 
 
 
2 State-of-the-art for Active Rectifiers 
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3 Uninterruptible Power Supply 
3.1 Introduction to UPS 
Under the pre-study on VSM concept in [15], it was understood that having synthetic inertia 
response is quintessential in emulating the synchronous generator behaviour in AR. As [16] 
explains, inverters can provide inertia response with well-defined control strategies to a 
certain degree however will be insufficient for fast frequency response.  Having an energy 
storage system as a back-up supply in the AR side will emulate a synthetic inertia response 
in much favourable way. On the other hand, the studies on the state of the art of UPS 
systems provide innovative insights towards modelling and designing active rectifiers with 
VSM concept because the philosophies are much alike. Under this motivation, UPS systems 
were generally studies and some of the features were extracted in modelling the ARs for 
better performance. 
UPS is a device that maintains a continuous supply of electric power to the connected 
equipment by supplying power from a separate source when the utility mains are not 
available [17]. In the perspective of the system of interest under the master thesis, the 
active rectifier is sourced by a dc source. [18], [19] and several other industrial datasheets 
outline several disturbance a power system can experience out of which brownouts, black 
outs, voltage spikes and ringing could be relevant for the system of interest. Also there is a 
portion of undesirable effects introduced by the harmonics due to non-linear devices as [20] 
describes which will be elaborated under the harmonic filtering section.  
Looking at such different adverse effects and the possible remedies for avoidance and 
mitigation, four elements can be highlighted to evaluate the performance of a UPS as [21] 
specifies. 
1. Reliability 
2. Functionality 
3. Maintainability 
4. Fault tolerance 
 
While constantly focussing on the above features, the report will mostly lace its discussion 
to distributed UPS systems which are operable in parallel based on [22]. 
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3.2 UPS Classification and Configurations 
 
3.2.1 Classification  
UPS systems can be mainly classified as rotary and static based on [18], [23] and [24]. A 
classic example for rotary UPS systems would be fly wheels where the energy will be stored 
as mechanical inertia as illustrated in the figure below. 
 
Figure 3-1: Block diagram of a rotary UPS system 
However, under the system of interest, static UPS systems will be evaluated. Same sources 
further categorize the static UPS systems as follows; 
1. Standby power Supply (SPS) also unknown as Offline UPS 
a. Until the power fails, connected to the power line.  
b. At failure, battery powered inverter will be turned on 
  
2. Ferroresonant UPS (hybrid UPS) 
a. In normal operations, line power is present 
b. Supply power is conditioned by ferroresonant transformer 
i. Transformer maintains constant voltage at 
1. Varying input voltage 
2. Even at outage at the primary (supply side) 
  
3. Line Interactive UPS 
a. Interacts with the ac side 
b. Smoothens the fluctuations of power line 
  
4. Online UPS 
a. Most advanced out of all 
b. Inverter continuously provides clean power from the battery 
 
~    
 
 
Utility 
mains 
Motor 
Flywheel 
Generator 
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[21] further explains that SPS and line-interactive modules are single conversion modules 
which can be synchronized only to their own input power sources whereas online UPS class 
can be known as a true UPS module with double conversion. Double conversion, which is ac 
to dc and then dc to ac power conversion, and mean time before failure (MTBF) over one 
million hours ensure the reliability and functionality of a UPS system which are two of the 
four fundamental elements of UPS as discussed in the previous section [21].  
3.2.2 Redundancy  
Redundant and parallel UPS systems allow the micro grid with high expandability and 
maintainability and thereby reliability. [25] specifies online and line-interactive UPS 
configurations as the two major distributed UPS systems that allow high reliability with 
higher degree of redundancy.  
Systems with redundancy are generally known as N + 1 or N + X UPS systems. Simple idea 
behind redundancy is that when N number of UPS is in active operation, 1 or X number of 
units will remain standby as reserves.  
[26] classifies UPS into mainly two classes as follows; 
1. Serial redundancy (hot standby) 
2. Parallel redundancy (active connection) 
  
The note further recommends the first over the second option due to the following reasons; 
 In the parallel redundancy topology 
o Failure of one UPS unit may cause disturbance of the AC output load 
o Failure of one may drag the other unit too down 
In general, the tabulated UPS system configurations in Table 1 are available in the industry. 
In the system of interest, parallel operation of AR is a mandatory case [15]. This demands 
parallel operation of UPS systems. For successful parallel operation of UPS, following 
requirements need to be met [27]; 
1. Same output voltage amplitude, frequency and phase 
2. Equal current sharing between the units 
3. Flexibility to increase the number of units 
4. Plug and play operation at any time, known as hot-swap operation [21], [26] & 
various industrial data sheets. 
Advantages of Parallel Operation could be outlined as thermal management, reliability, 
redundancy, modularity, maintainability and size reduction. 
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Table 1: UPS system configurations [21] 
System 
Configuration 
Concurrent Maintenance 
 
Fault Tolerance 
 
Maximum 
Availability 
  Module System Distribution Module Distribution   
Single Module No No No Minimal No 99.95% 
Parallel  
Redundant 
Yes No No Yes No 99.99% 
Small Isolated  
Redundant 
Yes No No Yes No 99.99% 
Large Isolated  
Redundant 
Yes No No Yes No 99.99% 
Distributed  
Redundant 
Yes Yes Yes Yes Yes Continuous 
Selective  
Redundant 
Yes Some Selectively Some Selectively Continuous 
Power-TieTM Yes Yes Yes Yes Yes Continuous 
Hybrid AC/DC  
Power System 
Yes Yes Yes Yes Yes Continuous 
  
3.3 Paralleling UPS 
Following discussion is based on [17, 22] looking at the fundamentals of paralleling of UPS 
systems. 
3.3.1 Active Load Sharing 
This is one method of paralleling the UPS however with the usage of communication 
channels. 
 
1. Centralized control 
2. Master-slave control 
3. Current chain control 
4. Average load sharing 
 
Advantages: good output voltage regulation schemes, equal current sharing 
Disadvantage: constraints in reliability & expandability due to the intercommunication  
3 Uninterruptible Power Supply 
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3.3.2 Droop Control Methods 
This is the classical/conventional droop method which is also known as independent, 
autonomous or wireless control strategy. 
o Adjusts the output voltage amplitude & frequency in function of active power 
and reactive power 
o Uses only local power measurements; this ensures higher reliability & flexibility 
 
 Drawbacks of conventional droop control schemes 
o Slow transient responses 
o Trade-offs between the power-sharing accuracy & the frequency and voltage 
deviations  
o Unbalanced harmonic current sharing 
o Higher dependence on inverter output impedance 
o If the line impedance is unknown, reactance power imbalances can occur 
 
A. Active & Reactive Power Droop Control 
This refers to the classical droop control governed by the theoretical reviews found in [4, 28, 
29]. The studies show that the classical droop control depends on the impedance level of 
the micro grid which is a disadvantage as outlined above under the drawbacks.   
B. Virtual Output Impedance (VOI): Multi-loop Approach  
As a remedy to the dependence of classical droop control approach on the line impedance, 
a technique known as virtual output impedance has been proposed in [30] and [31] which 
enables to decouple this undesirable dependency on the nature of the impedance in the 
lines of the grid. 
 
Figure 3-2: Block diagram for UPS control with virtual output impedance loop 
 
P,Q 
Calculation 
Voltage 
references 
 
Voltage Loop 
  
Current Loop 
  
UPS Inverter 
 
v 
i 
 
Virtual output impedance Loop 
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As in the above figure, there is an extra loop with virtual impedance in addition to the 
known cascading loop structure extensively discussed under the section 5.3 of the thesis. 
The idea behind the approach is to fix the inverter output impedance with virtual output 
impedance (VOI) such that VOI is much larger than the combined value of VOI plus 
maximum line impedance 
As in the figure shows, now the impedance has become a control variable instead of 
controlling parameter.   
3.4 Battery Management 
There could be several energy storage system options to facilitate UPS technology as back 
up supplies. Following are some of those as proposed in [17]; 
1. Battery energy storage system 
2. Flywheels 
3. Superconducting magnetic energy storage 
4. Super-capacitor  
5. Fuel cells 
6. Compressed air energy storage 
 
Each of the above has its own advantage and disadvantage. Under the scope of the master 
thesis, battery energy storage system seems to be the most viable option to be used as a 
back-up supply for UPS systems. 
Based on the literature on battery management on [32, 33], it can be stated that key to 
effective battery design and management would be; 
1. High MTBF 
2. High redundancy 
3. Economic design 
3.5 Harmonic Filtering 
Discussion of harmonics and the filtering configurations are based on the technical report 
from the General Electric [20]. 
3.5.1 Theoretical Review 
To take the harmonic power (H) in to account, a new term known as Total Apparent Power 
(A) is introduced in addition to the known apparent power (S). 
 
Eq. 3:1 
   √      
3 Uninterruptible Power Supply 
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Eq. 3:2 
   √      
Harmonic power describes the distortions due to the harmonic content. Power cube 
illustrates the relationship much better. 
 
Figure 3-3: Power cube with harmonic power 
3.5.2 Effects of Harmonics 
Harmonics are superimposed to the fundamentals which then create a distorted wave from 
a sinusoidal wave. Non-linear loads cause current harmonics as a result cause voltage 
harmonics. 
Effects can be identified as short-term and long term effects as described in [20]. Short term 
effects can be highlighted as; 
1. Interference with telecommunication lines 
2. Variations of motor torque with relative speed variations 
3. Acoustical noise 
The more adverse effects will be in the long run as follows; 
1. Cables over heating due to  
a. Skin effect 
b. r.m.s current increase 
2. Additional losses in the rotating machines 
3. Losses in power transformers 
3.6 Summary of Chapter 
Technology of UPS has been well-established over the decades while it is still advancing with 
novel control strategies. Reliability, Functionality, Maintainability and Fault tolerance can be 
outlines as the performance criteria of the UPS systems whereas redundancy and 
expandability will be the properties that are found to be inspiring for the master thesis. 
P 
Q 
S 
H 
A 
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It can be concluded that the better performance of a UPS is always a trade-off between 
inertia and the cost of frequency response. 
 
 
 
  
 
4 Virtual Synchronous Machine 
Concept & Control Strategies 
4.1 Synchronous Generator Operation 
Based on the text books [9] and [34], a concise theoretical explanation is presented here on 
the synchronous generator in relation to its inherent mechanical and electrical aspects 
beneficial for the concept of designing a virtual synchronous machine. 
Figure 4-1 presents a schematic view of a basic 2-pole, single phase synchronous generator 
extracted from [34]. The figure illustrates how the field winding of the machine is wound on 
the rotor whereas the armature windings are wound on the stator of the machine. In 
addition to those two windings, synchronous generator rotor contains damper windings 
which come into the effect in the machine’s transient state of operation.  
Under the scope of the master thesis, there are mainly three inherent features of a 
synchronous generator that are identified to be very crucial in the stable and reliable 
operation of a power system hence will be discussed succinctly. 
The three main inherent features of a synchronous generator are; 
1. Inertia in the synchronous generator due to the rotating masses 
2. Damping effect due to the damper windings in the rotor 
3. Speed-droop characteristics of a synchronous generator for load sharing 
 
Figure 4-1: Schematic view of a 2-pole, single phase synchronous generator, Source: [34] 
24 | P a g e   N T N U  2 0 1 2  
 
Having explained the synchronous generator machine, it is worth to have a quick glimpse at 
how the entire generator unit operates for the understanding of control and autonomous 
behaviour of a complete generator unit. Figure 4-2 presents a general block diagram of a 
generation unit. 
Key control units of such a generator unit are; 
1. Governor 
SG is driven by the prime mover, which could be a turbine or a diesel engine 
is equipped with a speed control unit known as governor. Purpose of the 
governor is to control either the speed of the machine (i.e. frequency of the 
generator voltage) or the output mechanical power adhering to the pre-
specified power-frequency characteristics [9].  
2. Automatic Voltage Regulator (AVR) 
The dc excitation current of the field windings consequently the terminal 
voltage of SG is controlled by the AVR. 
 
Figure 4-2: Generation unit block diagram, Source: [9] 
 
4 Virtual Synchronous Machine Concept & Control Strategies 
25 |  P a g e   A r a v i n d a  P e r e r a
 
4.1.1 Inertia in the Synchronous Generator due to the Rotating Masses 
Rotor with the field and damper windings of the synchronous generator, as it rotates, 
creates a sinusoidal rotating flux in the air gap which eventually results in the electromotive 
force in the armature terminals.  
If we may look at the swing equation of the synchronous generator dynamics,  
Eq. 4:1 
 
  
  
            
                
                                             
                                     
                      
                                                                   
                               
                                                
At steady state of operation,                                
  , the mechanical torque has higher time constants due to the slow torque response in the 
prime mover hence its changes are relatively slow. Upon an imbalance in the electrical 
netweork,   , electromagnetic torque can be varied almost instantaneous [9]. Therefore, 
due to some disturbances, if       , the rotor will accelerate and if       , the rotor 
will decelerate. 
The rate of change of speed of the rotor is dependent on   which is the 
moment of inertia of the rotating mass. There is a portion of kinetic energy 
in this rotating mass stored during the steady operation of generator which 
is extremely beneficial at an imbalance of torques. At an imbalance, this 
kinetic energy will be absorbed by the system to alleviate the speed 
deviations from synchronous speed.  
4.1.2 Damping effect due to the damper windings in the rotor 
Damper winding which introduces the damping effect in the synchronous generators plays 
an important role to regain synchronism when the generator rotor experiences rotor speed 
deviations due to small disturbances.  
  
In physical nature, damper winding is no much difference from the rotor of a squirrel cage 
induction machine with short circuited windings. Damper windings can be wound either 
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only in rotor d-axis or both d-q axes [9]. The latter gives improved damping and the former 
leads to sub-transient saliency of the machine [9]. 
Depending on the resistance to reactance ratio, the damping response may vary. Higher 
resistance in the winding will offer a lower torque/slip ratio as for induction machines with 
large rotor resistance. Lower resistance gives higher damping torque for small  . 
To understand the damping effect introduced by the damper winding, it is worth to first 
briefly look at the electromagnetic phenomena of a synchronous generator upon a small 
disturbance. 
When a short circuit occurs in the grid, to retain the flux linkage in the armature and rotor 
windings constant as per the constant flux linkage theory [9], short circuit current is induced 
in the armature windings.  
However, this induced armature current results in the armature reaction phenomena which 
drive armature reaction flux across the air gap which links with rotor windings. To 
compensate this armature reaction flux linkages in the rotor, additional current is induced in 
the rotor windings, in detail, field winding and damper winding wound in the rotor. This 
additional current is induced in the damper winding.   
The generator response upon such a fault is analysed breaking the total fault time frame 
into three states known as sub-transient, transient and steady state which is the stable 
condition. The damper current will come into play only during the transient state as it has a 
screening effect against the induced flux during sub-transient state.  
Again looking back at the swing equation Eq. 4:1 it can be deduced to express as a power 
equation as follows; 
Eq. 4:2 
 
  
  
          
              
    Damping Power 
Rotor and power oscillations under the effect of damping upon a small disturbance are 
illustrated in the Figure 4-3 from [9]. 
 
4 Virtual Synchronous Machine Concept & Control Strategies 
27 |  P a g e   A r a v i n d a  P e r e r a
 
 
Figure 4-3: Rotor and power oscillations with damping included, Source: [9] 
When the rotor is disturbed from its initial equilibrium point, it could be either accelerated 
or decelerated. If     , damping power will be negative i.e. effectively opposing the 
acceleration and if the       damping power will be positive and supporting the airgap 
power    in opposing the deceleration. The rotor will eventually follow a modified trajectory 
and reach synchronism without infinite oscillations also known as hunting [7] which would 
be the case at the absence of damping effect. 
4.1.3 Droop Characteristics of a Synchronous Generator in Load Sharing 
This discussion is an extended explanation of the advantage of inherent inertia present in SG 
due to its rotating masses examined in the section 4.2.1 Inertia in the SG. The discussed 
advantage will be viewed in the active power or load sharing perspective between two 
generator sets in an islanded system. 
Synchronous generator rotor speed, under steady state conditions, is proportional to the 
frequency of the armature current and as a result the frequency of the terminal voltage 
[34]. This is governed by the following equation; 
Eq. 4:3 
   (
     
 
)  
 
  
 
  = electrical frequency of the voltage generated in the synchronous generator 
  = rotor mechanical speed in revolutions per minute 
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Again, if the swing equation is considered, it is apparent that when a mismatch occurs 
between the input mechanical power from the prime mover to the generator and output 
electrical power from the generator to the network, the rotor speed will vary. This speed-
load dependence of two parallel synchronous generators can be characterized by the curves 
as given in the Figure 4-4. 
 
Figure 4-4: Speed-droop characteristics of a synchronous generator 
In an islanded system, when two generator sets operate in parallel, they will share the same 
frequency. If the load in the system increases substantially, the additional load will be 
shared by the two generator sets according to their droop settings. However, if the 
frequency drops in this case below a certain threshold values below which the operation is 
detrimental to the system components, the speed reference of the governors of two SGs 
needs to be adjusted. 
4.2 Virtual Synchronous Machine 
Advantages of a synchronous generator due to its inherent features were discussed in the 
previous section. These benefits which contribute to the system stability and reliability have 
been the true motivation to emulate the synchronous generator behaviour in the active 
rectifiers by virtual means for its autonomous operation in the islanded mode. 
Concept of virtual synchronous machine (VSM) has been evolved from the concept of 
Uninterruptible Power Supplies (UPS) which are already in successful use for supplying 
critical loads. Therefore VSM implementation incorporates several UPS techniques as such 
as energy storage for back up supply [18] which will be discussed in the following section 
4.2.1 Virtual Inertia.  
frequency 
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VSM implementation in active rectifiers has been discussed in [7], [3], [6], [35], [36], [37] 
and [38] fundamentally looking at the following properties for emulation; 
1. Virtual inertia in the active rectifier 
2. Virtual damping in the active rectifier 
In addition to those two virtual properties, for the successful implementation of droop 
control techniques in active rectifiers in parallel without communication media between the 
active rectifiers, following mimic property is suggested in [31] and [39]; 
3. Virtual impedance 
It is also worth to note that there are also some additional advantages of a virtual 
synchronous machine design in comparison to an actual synchronous generator which can 
be realized due its non-physical but virtual existence owed to modelling and control 
algorithms. As outlined in [7], key extra benefits would be; 
1. System parameters can be varied. For an example, inertia, damping 
coefficient, machine impedances of a VSM can be varied upon the 
application and system response whereas these values are fixed and 
frozen in SG once manufactured. 
2. System parameters can be chosen upon the application which are 
impossible with SG  
3. In VSM, typical challenges of SG like magnetic saturation and eddy 
current losses will be absent 
However the biggest challenge of realization of successful VSM in active rectifiers arises 
when a fault occurs in the grid. Despite it is not a direct drawback of a VSM concept, since 
the total model is realized with power electronics, the question arises whether the 
semiconductor components will provide sufficient current to blow the fuses and protect the 
system components from potential threat. 
4.2.1 Virtual Inertia 
Importance of virtual inertia is viewed at an instance where the primary reserve of the 
converter fails. In the system of interest, this will be the dc power input to the active 
rectifier. Under such adverse circumstances, to avoid system failure and eventual black out, 
a fast-acting back up storage unit as such as flow batteries, fuel cells, flywheels, 
superconductor inductors or compressed air devices [40] can be used. However as [41] 
suggests, the selection of storage unit depends on various grid and VSM parameters like 
loads of the grid and VSM action time.  
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Different techniques of virtual inertial implementation are proposed in numerous 
literatures. [42] and [43] propose virtual inertia implementation using phase locked loop 
(PLL) and dynamic frequency support techniques respectively.  
However, in the master thesis, it is assumed a constant and uninterrupted dc input to the 
active rectifier hence inertia is emulated using only virtual moment of inertia value in the 
VSM dynamics. This is extensively discussed in the specialization project report [15]. 
4.2.2 Virtual Damping 
Damping emulation is also carried out by simply incorporating the damping effect to the 
machine model. More details can be again found in the modelling chapter of [15]. 
4.2.3 Virtual Impedance 
An equivalent circuit diagram of a synchronous generator will be analysed to understand the 
theory behind the physical phenomena.  
Without losing the generality, a salient pole synchronous generator is considered and can be 
represented by the following equivalent diagram for its steady state. 
 
Figure 4-5: Equivalent steady state circuit diagram of a salient pole synchronous generator 
  = q-axis induced electro motive force (emf) 
   = resultant induced emf  
   = generator terminal voltage 
   = generator current  
   = d-axis synchronous reactance 
   = q-axis synchronous reactance 
  =    
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It can be proven that in a round rotor generator where rotor saliency is neglected for 
simplicity (                                 ), the relationship between active power 
(P), reactive power (Q) and internal power angle (  ) will be as follows; 
Eq. 4:4 
  
    
   
      
Eq. 4:5 
  
    
   
       
  
 
   
 
Now extending the scenario including the network, following discussion attempts to explain 
the importance of grid impedance in the droop control techniques. 
 
Figure 4-6: Basic power flow diagram between a generator and grid across line impedance 
     = Generator voltage taken as the reference phase 
     = Grid voltage 
    = Line impedance where     √       
      = Generator current with lagging power factor angle 
[29], [44] and [45] provide a similar relationship of voltages and powers to the following 
after basic circuit analysis of the power flow diagram; 
Eq. 4:6 
      
     
  
 
 
Eq. 4:7 
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When X >> R in the line, following approximations can made which lead to the 
conventional/classical droop characteristics; 
Eq. 4:8 
   
  
   
 
 
Eq. 4:9 
     
  
  
 
Under this circumstance, P will be a function of frequency,   (as f is proportional to the 
differential of    whereas Q will be function of voltage difference.  
When R>>X, the above relationships will be swapped as now as given in the following 
equations; 
Eq. 4:10 
     
  
   
 
Eq. 4:11 
   
  
  
 
 
This is known as the inverted droop or opposite droop in different literature whichever it is 
gives the idea behind its twist from the classical droop.  
At this point, it is worth to look back at the nature of micro grids in terms of their line 
impedances. Keeping in mind that our system of interest is a low voltage micro grid, [29] 
explains, low voltage micro grid lines are more resistive. However, there could be some 
instances where the low voltage micro grids may have negligible line impedance. For an 
example, a micro grid in an aero plane, due to its less power line lengths and improved 
technology, may exhibit such properties. Likewise it can be discussed two line impedance 
cases in low voltage micro grids; 
1. Significant impedance and higher R:X ratio 
2. Insignificant impedance and negligible R:X ratio 
4 Virtual Synchronous Machine Concept & Control Strategies 
33 |  P a g e   A r a v i n d a  P e r e r a
 
In the first case, the analysis of the micro grid can be carried out according to the Figure 4-6 
and explanation corresponding to the inverted droop techniques.  
If the micro grid falls in the second category, then Z in Figure 4-6 will be negligible and    
and U will be almost equal. Under this context, the impedance analysis can be carried out 
with reference to Figure 4-5 and its explanation where the internal impedance of the SG (or 
VSM) is extracted out and considered as the line impedance. Then the interested voltages 
will be internal voltage,    and U, for example.  
However, enormous number of literature on droop control proposes assorted methods for 
droop control techniques in a decentralized and communication-less architecture. 
Decoupling of active and reactive power has been main subject in [44] and [46].  
Another promising approach for active and reactive power decoupling enhancement is to 
modify the characteristics of the grid by adding virtual impedance in series to the converter. 
This approach comes with important benefits as such as better control on the output 
impedance and avoidance of power loss had real resistors and reactors been used. The main 
drawback in virtual impedance is the voltage drop across the impedance hence reduction of 
the output voltage range of the converter. Virtual impedance could be either inductive or 
resistive where [40] and [47] proposes the earlier type while [48] suggests a resistive 
impedance. 
4.3 Summary of Chapter  
Physical nature of the synchronous generator has been studied to understand the inertia, 
damping and load sharing properties which are found to be relevant for the master thesis. 
The governor and AVR performance has also been presented to understand the frequency 
and voltage control principles.  
The idea of virtual impedance is carefully analysed. The advantages as well as the challenges 
of a virtual synchronous machine model over a physical synchronous machine have also 
been presented. 
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5 Active Rectifier Control Strategies 
Distributed generation, particularly with renewable energy sources, encounters unique 
challenges those would have been avoided with conventional power generation. They are 
the lower efficiency and poorer controllability [49], [50] mainly due to the intermittent and 
unpredictable nature of solar and wind energies in specific.  
As a result, direct connection of DG to the grid leaves the power network precarious which 
may lead to grid instability or even failure [50]. This is the very reason why the control 
strategies hold high interest in both the input-side and grid-side power electronic 
converters. 
Under the scope of the master thesis, an analytical study of controls of grid-side converter, 
also known as the active rectifier in this context, is presented in this chapter focussing the 
following controls; 
1. Control of converter output current 
2. Control of converter output voltage 
3. Control of active power input to the grid 
4. Control of  reactive power transfer between MG and the grid/load 
5. Grid synchronization 
At the event of two or more techniques are available for each control, a comparison is 
carried out to choose the most compatible alternative under the context of the master 
thesis. 
 
Figure 5-1: Grid Connected Three-Phase, Two-Level Active Rectifier with LC filter 
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Figure 5-1 presents a generic configuration of the active rectifier with its LC filter in 
connection to the grid with the line impedance. The voltage balance equations for the 
configuration can be presented as follows based on [51] and [52]; 
Eq. 5:1 
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Meanwhile, a simplified control scheme for the active rectifier can be illustrated as in Figure 
5-2. A more detailed and complex control architecture is unveiled in the next section. 
 
Figure 5-2: Generic control loop configuration of active rectifier 
5.1 Single Control Loop vs. Multiple Control Loop 
To ensure the generality of the discussion, single and multiple control-loop structures are 
presented here.   As [24] outlines, closed loop control techniques can be primarily broken 
into two classes as; 
1. Single voltage control loop strategy  
 
Figure 5-3: Block diagram of single feedback loop 
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This strategy, as shown in the Figure 5-3, is with single feedback loop for the converter 
output voltage regulation. The feedback control can be either continuous or discrete as 
explained in [53] and [54]. SPWM has been the most common feedback control 
technique used in continuous form which can be implemented in as natural sampling 
type, average type or instantaneous type as described in [55]. First two types are found 
to be promising at high frequencies while the instantaneous type offers more robust and 
dynamic performance in comparison for UPS applications [56]. 
2. Multiple control loop strategy  
Figure 5-2 in the chapter 0 introduction is a typical multiple control-loop block diagram. 
Multiple control loop strategies for converters utilize primarily an outer voltage loop and 
inner current loop for controlling the dynamic and non-linear behaviour of the system 
[24], [57] in spite of other options discussed in [31] as an example where innermost loop 
controls the voltage. 
Figure 5-4 is an expansion of the Figure 5-2 including the aforementioned control loops 
in the introduction of this chapter. Phase-locked Loop (PLL) is used to estimate the 
phase of the grid voltage. Estimated phase is then fed for converter output voltage and 
current controlling modules.  
 
 
Figure 5-4: Detailed multiple control loop configuration of an active rectifier 
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Inner current control loop feeds back either ac-side filter inductor current [58] or ac-side 
filter capacitor current [59] to compare with its reference signal. Here, the reference 
signal will be the error-compensated signal from the outer voltage control loop. The 
inner current control loop plays a pivotal role in the overall dynamic responsiveness of 
the control structure hence its optimal performance is indispensable in the present 
control schemes. A detailed explanation is provided in the section 5.3.1  
The outer voltage control loop uses the converter output voltage, precisely the voltage 
across the filter capacitor, as the feedback signal. This feedback signal will be compared 
with the reference voltage generated by the power control loops. The voltage error is 
subsequently compensated by a PI or PR module which is discussed further in this 
chapter.  
Different control structures for multiple control loops were also proposed with an inner 
power loop instead of a current loop and in another case, outer power loop with an 
inner current loop [60], [61]. 
In the master thesis, the technique of multiple control loop strategies is 
employed with inner current loop and outer voltage loop which is the 
classical cascading structure, due to its proven dynamic performance 
despite the non-linearity of the loads. It should also be noted that the 
active rectifier control strategies for the master thesis were carried out 
based on the architecture given in the Figure 5-4.  
 
5.2 Stationary Reference Frame Control vs. Synchronous Reference 
Frame Control 
Active rectifier control architectures could also be classified based on different reference 
frames of which synchronous reference frame (SRF) and Stationary Reference Frame are the 
most prevalent.  
Figure below demonstrates the orientations of the α-β and d-q reference frames with 
respect to the natural abc reference frame. In fact, the original control strategy is based on 
the abc natural reference frame on which number of literature are available [50], [58]. 
However, due to the availability of much more advanced control strategies based on the 
other two, natural reference frame control is neglected in the discussion.  
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Figure 5-5: Orientation of the natural abc-reference frame, stationary αβ-reference frame and 
synchronously rotating dq-reference frame 
1. Stationary Reference Frame based Control Strategy 
This strategy uses αβ-reference frame which is a set of hypothetical orthogonal axes affixed 
to the stator of an induction machine where α is aligned with stator a-axis and β leads by 
90° [62] as shown in the Figure 5-5.  
Under this control strategy, measured grid currents are transformed into stationary 
reference frame using the abc → αβ module. Since the reference frame here is stationary 
but the grid quantities are sinusoidal, the control variables will also be sinusoidal. Due to the 
inherent shortcoming of PI controllers in failing to remove the steady-state error when 
controlling sinusoidal waveforms [50], [63], other means of controlling have been proposed 
of which PR controllers have been the most promising for grid-tied systems. 
Based on [63] and [64], PR controllers are able to achieve a very high gain around the 
resonance frequency which results in eliminating the steady state error. 
2. Synchronous Reference Frame based Control Strategy 
Synchronous Reference Frame (SRF) control, also known as Rotating Frame Control, 
transforms measured grid quantities to a reference frame which rotates synchronously with 
the grid voltage [50]. The SRF illustration is shown in the Figure 5-5 where now the referred 
set of axes is orthogonal d-q axes which rotate synchronously at the grid frequency. 
Thereby, the control variables will be dc values (in steady state) hence the inherent 
shortcoming of PI controller is avoided thus filtering and controlling can be easily achieved 
[50].  
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Schematic in Figure 5-6 shows typical d-q control architecture. Inner current controller 
controls active (Id) and reactive (Iq) currents. Reactive current control could be made zero if 
reactive power control is not allowed [49]. The reference to active current control is fed in 
by the output of the outer voltage (dc link voltage) control.  
From the figure it is evident that the abc → dq transformation module for current utilizes 
the grid voltage angle. The purpose of this angle extraction is to have the controlled current 
in phase with the grid voltages. Phase-Locked Loop (PLL) has been the state-of-the-art 
technique in determining the phase angle of the grid voltages in the case of DG systems 
[65],[66],[67]. The detailed design and tuning criteria of PLL are featured in the later 
sections.   
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Figure 5-6: Generic control architecture for SRF based control strategy  
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5.3 Control Loops 
Following discussion focuses the details of the inner current control loop and outer voltage 
control loop. 
5.3.1 Inner Current Control Loop  
As the foregoing section stated, inner current control loop is a control module with major 
significance in determining the high performance and responsiveness of the power 
electronic converters. Important contributions from the current controller will be power 
quality improvement with harmonic compensation and current protection [50].  [58] 
expands predominant advantages of having a fast current controller in comparison to 
conventional open-loop voltage PWM controlled converter; 
1. Control of instantaneous current waveform and high accuracy 
2. Peak current protection 
3. Overload rejection 
4. Dynamic response 
5. Compensation of 
a. the effects due to load parameter changes 
b. the semiconductor voltage drop and dead times of the converter 
c. the dc-link and ac-side voltage changes 
In a classical viewpoint, the inner current control loop controls the current in the filter 
inductor, Lfilter [58], [66], [68] as in Figure 5-4. Further to that, [69] discloses a method for 
designing inner current control loops to directly control the active and reactive power 
outputs of the converter adhering to the concept known as Direct Power Control.  
Output of the inner current control loop may directly provide the switching signals to the 
bridge gates depending on the type of current modulation technique or current controller 
implemented in the system. Survey on different implementation of current controllers is 
performed in the section 5.4 below. 
5.3.2 Outer Voltage Control Loop 
The purpose of the outer voltage control loop is to control the output voltage and thereby 
balance the power flow of the active rectifier [50]. Usually it designed with slow dynamics 
aiming system stability. Referring back to the Figure 5-4, it is illustrated that the voltage 
control loop gets its reference from the outermost power loops while it generates the 
references to the innermost current loop. 
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5.4 Controllers 
In the AR control scheme there are several controllers in operation for current, voltage and 
active and reactive powers control in separation. Under this section, the emphasis is given 
to the options for controllers for tracking the references. The analysis briefly presents each 
of their significances and drawbacks thereby a deduction is made in the choice of controller 
for the AR implementation. 
5.4.1 Linear PI Controller 
Linear PI controller is an established reference tracking technique associated with the d-q 
control structure due their satisfactory combinational performance. Equation Eq. 5:2 states 
the transfer function on the d-q coordinate structure. 
Eq. 5:2 
   
    
    [
   
  
 
 
    
  
 
] 
Harmonic compensation of such controllers is based on the low pass and high pass filters as 
stated in the [70] and it is worth to note that the complexity of harmonic compensation is 
considerably high with respect to the PR controllers.  
5.4.2 PR Controller 
Classical PI controllers are prone for a number of drawbacks, mainly the aforementioned 
steady state error in the stationary reference frame control and the need of decoupling the 
phase dependency. Despite the avoidance of the above drawback in the stationary 
reference frame control structure, performance of multiple reference frame transformation 
is found to be difficult with the low-cost, fixed-point digital signal processors (DSP) [63].  
Proportional-Resonant (PR) Controller is an alternative reference tracking control technique 
which inherently eliminates the steady state error in the stationary reference frame control 
scheme. As a result the computation burden in the DSP is alleviated while offering similar 
frequency response to that of a PI controller.  
Below equation provides the transfer function of PR controller in the abc reference frame. It 
is seen that it gives a similar shape to the Eq. 5:2 with off-diagonal terms being zero.  
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Eq. 5:3 
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Further to that, PR controller offers selective harmonic elimination feature [5], [64] , [61] 
therefore provide better performance in terms of power quality enhancement. 
5.4.3 Hysteresis Controller 
Hysteresis controllers are mainly used for controlling of current mainly due to the following 
advantages over the foregoing controllers; 
1. Simplicity of implementation 
2. Faster control loops 
3. Negligence of load parameters for controller design 
This type of controllers derives the bridge inverter switching signals by calculating the error 
by comparing the reference and actual current values. The error is then compared through a 
hysteresis comparator to generate the switching signals. 
The main drawback of this scheme is that the switching frequency may vary widely during 
the fundamental period, resulting in irregular inverter operation [71]. 
After weighing off the prevalence, performance and ease of design, PI 
control scheme was chosen and implemented under the scope of the 
master thesis. 
 
5.5 Decoupling Control of d and q Components 
As the foregoing discussion on the controllers, a decoupled pair of active current (  ) and 
reactive current (  ) is essential in effective and independent current regulation for SRF 
control. However, due to the filter inductance, cross-coupled terms of d, q components are 
found in the mathematical derivations. In the same time, the dependency of control 
parameters on the grid voltage is also identified.  
Fundamentally two different approaches are proven for decoupling of the components 
known as; 
1. Feed-forward approach 
2. Feedback approach 
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Based on [52],  [72], [73], [74] and [75], it can be concluded that in the feed-forward 
method, value of the line inductance is not necessary to be known when the line resistance 
is taking negligible values. This is an advantage of the feed-forward method over the 
feedback method. However, a slightly higher oscillatory behaviour is the trade-off of feed-
forward approach which needs to be addressed in the tuning process of the control loops.  
Under the master thesis, due to its proven performance, the feed-forward 
method is adopted for decouple of d, q components.  
 
5.5.1 Decoupling Control of PI Current Controller 
To analyse the presence of crossed-coupling and the feed-forward techniques for 
decoupling d and q terms, the schematic of the LCL filter of the active rectifier is disclosed in 
the Figure 5-7. 
 
Figure 5-7: LCL filter of the grid side of the active rectifier 
Based on [52] and [76], following expressions can be derived for the filter from the first 
principles; 
Eq. 5:4 
        
     
  
                     
        
      
  
                        
In the steady state, the voltage and current vectors rotate at the same speed,     , the 
synchronous speed. Taking that into account and transforming the above expressions from 
natural frame to dq SRF, following expressions can be obtained; 
Eq. 5:5 
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Eq. 5:6 
        
       
  
                                              
Eq. 5:7 
        
       
  
                                                 
Eq. 5:8 
        
        
  
                                                  
Eq. 5:9 
      
      
  
                                
Eq. 5:10 
      
       
  
                                 
Careful observation of Eq. 5:5 and Eq. 5:6 shows the fact that d and q components are cross-
coupled in each expression. Further to that, the expressions bare an undesirable 
dependency on the filter capacitor voltage components. 
The cross-coupling terms can be eliminated using the feed-forward compensation collecting 
all feed-forward terms into newly defined single term as shown as follows; 
Eq. 5:11 
                                                                       
 
Eq. 5:12 
                              
      
  
      
                                     
       
  
       
Now the feed-forward compensation has removed the cross-coupled terms in SRF control 
structure. Transforming the system into the per-unit values based on the Appendix A: 
Definition of per-unit system, the inner current controller can be designed on the following 
plant transfer function and structure.  
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Eq. 5:13 
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Figure 5-8: Feed-forward compensation in SRF for the PI current controller 
 
5.5.2 Decoupling Control of PI Voltage Controller 
With reference to the Figure 5-7, following relationship can be expressed in the stationary 
reference frame. 
Eq. 5:14 
          
      
  
            
Taking per-unit system into effect, above equation (written for 3 phases) can be 
transformed into dq-frame and expressed as follows; 
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Eq. 5:15 
             
     
  
      
  
                 
               
     
  
       
  
                
Above equations show a similar problem of cross-coupling as it was experienced in Eq. 5:5 
and Eq. 5:6 in the process of designing the current controller. 
Using a similar approach of de-coupling as previous, following expressions can be derived 
for the output of the PI voltage control loop; 
                                  
 
 
                                   
 
 
Figure 5-9: Feed-forward compensation in SRF for the PI voltage controller 
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5.6 P-Q vs. VSI Control 
For the reasons described in the introduction, micro sources need to be interfaced through 
active rectifiers. There are mainly two types of active rectifier control models proposed in 
[13] and [14].They will be discussed in this section. 
1. PQ Model 
The philosophy of control of this model is based on active power (P) and reactive power (Q) 
values hence it is known as PQ model. This model, however, requires external voltage and 
frequency references hence having SGs in the network is essential for PQ model utilization. 
This gives rise to the fact that PQ model is not possible for island operation.  
As [13] describes, PQ inverter control corresponds to a combined  control of both inverter 
and primary energy source, when this becomes physically possible. This means that the 
inverter only injects into the grid the power available at its input. The reactive power 
injected corresponds to a pre-set value defined locally or from the Micro Grid Central 
Control (MGCC). The P and Q control of an inverter can be performed using a current 
control technique: the inverter current is controlled in amplitude and phase to meet the 
desired set-points of active and reactive power. 
2. VSI Model 
A classical voltage source inverter (VSI) with special control strategies are used to model a 
VSI type active rectifier model. In this case, the inverter will emulate the behaviour of a 
synchronous generator in terms of load sharing. Frequency and voltage of the active 
rectifier will be controlled by droop control techniques.  
When VSI connected to the stiff network, reference values for P and Q will be obtained from 
the stiff grid. 
 Complete modelling of VSI is well explained in [11]. 
In conclusion, it must be stated that under the master thesis, VSI model is 
chosen mainly because PQ model does not support island operation. 
However, there is also space to adopt a hybrid system with a mix of 
communication and droop control. Power, voltage and frequency reference 
values may be communicated through low bandwidth communication 
channels whereas load control can be performed locally to act upon fast 
transients.    
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5.7 Droop Control 
Classical and novel droop control techniques have been discussed under the UPS chapter 
section 3.3.2.  
A classical droop control technique for active power sharing has been 
employed in the master thesis. Direct control of reactive power has been 
proposed for future scope of work. 
5.8 Phase-Locked Loop 
Phase-Locked Loop (PLL) has been a well-established technique to extract the phase angel 
from grid voltages [77]. The main purpose of the PLL in this circumstance is to track the grid 
voltage frequency and filter out noise and short term disturbances without introducing a 
phase lag [52]. PLL is mainly used at the event of grid synchronization where the phase of 
the inverter output voltage must be in-phase with the grid voltage phase. However, there 
are other novel techniques like dual second order generalized integrator (DSOGI) based 
approaches for grid synchronization which can be found in [66] and [78]. 
In the master thesis, the synchronous reference frame (SRF) PLL has been 
chosen to achieve the above purpose as it has been the most widely 
accepted method [77], [79]. 
Figure 5-10 illustrates the general structure of a synchronous reference frame PLL. The grid 
voltage vectors which are in the natural a-b-c frame are transformed in the d-q frame. Then 
the d,q  quantities are filtered and from which the angle between them is calculated using 
the inverse tangent (arctan2) function.  
Phase angle error (ϑerror) is then treated through a PI controller. Nominal frequency (fn) has 
been the feed-forward term in the structure to make the frequency tracking more precise 
and faster [79]. A pure integrator functions as the voltage controlled oscillator (VCO) to 
calculate the estimated phase (ϑest) from the frequency.  
 
Figure 5-10: General structure of SRF PLL 
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In the ideal case, the orientation of the d-axis must align with the grid voltage vector. Any 
deviation between the orientation of SRF d-axis and the phase angle of the instantaneous 
voltage vector results in a non-zero Vq component and non-zero ϑerror. Hence, the PLL will 
attempt to keep the Vq component zero and thereby ϑerror zero by adjusting the calculated 
grid frequency. Eventually, the PLL will be in lock when the estimated frequency is equal to 
the phase angle of the grid voltage vector.  
5.9 Summary of Chapter  
Different control strategies inspired by modern UPS systems have been reviewed, compared 
and have chosen the strategy that suits the thesis giving valid reasons. 
SRF based multiple cascading control structure has been proposed for the active rectifier 
control. PI controllers and its essential decoupling techniques are also chosen over PR 
controllers and hysteresis controllers. The thesis work will follow VSI model over the PQ 
model due to the possibility of grid-tied and island modes of operation.  
 
 
  
 
6 Modeling of Active Rectifier 
The chosen control strategies for current, voltage and power control in the previous 
chapters have been modelled and implemented. This chapter presents the graphical 
performance analysis of each control module. 
The modelling has been carried out adhering a module-by-module approach testing and 
optimizing one module at a time. The chapter discloses modelling and designing of the 
following system modules; 
1. Phased-Lock Loop (PLL) 
2. Inner Current Control Loop 
3. Outer Voltage Control Loop 
4. Virtual Synchronous Machine Module 
The modelling and simulation was carried out in the Matlab/Simulink® environment in aid of 
SymPowerSystems® toolbox for electrical components. In the following explanation, all the 
time values are in seconds and other parameters will be in SI units if not stated otherwise. 
6.1 Proposed Active Rectifier Model 
 
Figure 6-1: Proposed total system architecture with virtual synchronous machine model 
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The proposed control strategy for the active rectifier can be expressed as in the Figure 6-1. 
The figure bears resemblance of the Figure 5-4 to a greater extent. The structure is based on 
the SRF control scheme where d-q components in per-unit used for controllers.  
The paramount addition of the proposed solution is the virtual synchronous machine (VSM) 
module. This module adds the virtual damping, virtual inertia and droop control properties 
for power controlling purposes.  
The most significant simplification of the model is the usage of voltage source models 
instead of the power electronic inverter bridge. Avoidance of it enables to drop out the use 
of a modulation block. However, if hysteresis current control technique (section 5.4.3) were 
used, modulation block would have not come into play in the first place.  
The output of the active rectifier is interfaced with an LCL filter to the stiff grid/local load. 
Adhering to the theoretical analysis in the previous chapter, the output current is the 
current passes through the first inductor (L1) whereas the output voltage is measured across 
the filter capacitor (Cfilt). 
The performance of each major block is described in the following sections.  
6.2 Phase-Locked Loop (PLL) 
The PLL module has been developed based on the fundamentals and tuning explained in the 
section 5.8 and Appendix C: Tuning of control loops, despite the availability of a couple of 
PLL models in the SymPowerSystems® library. This extra effort was taken to have the full 
understanding and control of the PLL structure. 
Figure 6-2 provides the PLL mask and its internal structure. And also to verify its 
functionality, a step change of the grid frequency has been simulated to observe the 
behaviour of the PLL output (Figure 6 1 (c)). It was observed from the plot given in Figure 
6-3, with PLL frequency satisfactorily follows the grid frequency with an acceptable rise time 
and overshoot. 
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Figure 6-2: PLL (a) model mask (b) internal structure (c) simulation against a frequency step change in the 
grid 
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Figure 6-3: Frequency plot of PLL against a step change in grid frequency 
The Figure 6-3 shows the functionality of the modelled SRF PLL. The purpose of the PLL is to 
extract the grid frequency from the grid voltage. The figure shows how the output 
frequency from the PLL quickly follows the grid frequency which is its reference, upon a step 
change. The overshoot and time for steady state are controllable parameters with 
appropriate tuning procedures. 
6.3 Inner Current Control Loop 
Inner current controller functionality upon a step reference change is demonstrated in the 
Figure 6-5. Both Id and Iq show satisfactory response to the step change in the reference at 
times 2 s and 4 s respectively.  
The tuning of the control loop has been executed in accordance with the modulus optimum 
criteria based on [80] and [81]. The details are found in the Appendix C: Tuning of control 
loops. 
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Figure 6-4: Inner Current Controller (a) mask (b) internal structure 
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Figure 6-5: Inner current controller output d-q current plot against step changes in Id and Iq reference 
currents at t = 2 and t = 4 respectively 
 
 
6.4 Outer Voltage Control Loop 
Outer voltage controller block performance upon a step reference change is demonstrated 
in the Figure 6-6. Both Id and Iq show satisfactory response to the step change in the 
reference at times 2 s and 4 s respectively. 
In spite of decoupling the cross-coupled effects of d-q terms against each other, short term 
oscillations could be noticed in each graph due to the step change of the other. This could 
be due to the feed-forwarding of grid voltage which may contain noise. On the other hand, 
feed-forwarding has been found to be inherently more oscillation-prone as described in the 
section 5.5. However, this also suggests the model has more space for tuning optimization. 
The tuning of the control loop has been executed in accordance with the symmetric 
optimum criteria based on [81] and [82]. The details are found in the Appendix C: Tuning of 
control loops 
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Figure 6-6: Outer voltage controller (a) mask (b) internal structure 
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Figure 6-7: Outer voltage controller output d-q current plot against step changes in Vd and Vq reference 
currents at t = 2 and t = 4 respectively 
6.5 Virtual Synchronous Machine Model 
The virtual synchronous machine (VSM) model has been developed based on the swing 
equation given in Eq. 4:1. This module, shown in the Figure 6-8, calculates the swing 
equation-based phase angle for the other control modules. Based on the swing equation, 
following deduction can be expressed to elaborate how VSM module calculates the phase 
angle. 
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The active power droop control has also been executed in this module based on the 
following relationship; 
Eq. 6:1 
        
         
     
 
             
The virtual damping has been implemented based on the following relationship to replicate 
the round rotor (non-salient) synchronous machine behaviour; 
Eq. 6:2 
                        
More detailed explanation has been presented in the master specialization project report 
[15]. 
 
Figure 6-8: Virtual synchronous machine model (a) mask (b) internal structure with mechanical dynamics 
(b) 
(a) 
f _grid
phase_grid
P_AR
Reset
phase_v sm
Machine
Model
1
phase_vsm
u
w_v sm
P_AR
w_grid
Ptot
Pm-Pe-Pd
u
2
Math
Function
1
s
xo
1
s
xo
wb
2/J
wb
Constant
4
Reset
3
P_AR
2
phase_grid
1
f_grid
w_grid
62 | P a g e   N T N U  2 0 1 2  
 
6.6 Active Rectifier Simulation Model 
The modules discussed so far and some other auxiliary blocks have been put together to 
create the complete active rectifier model. Figure 6-1 in section 6.1 provides an outlook of 
the total model. The internal simulation schematic is found in the Figure 6-9.  
The main challenge encountered in this phase of modelling was the vulnerability for failure. 
As a result, the expansion of the system was narrowed down and some of the control loops 
like reactive power control and virtual impedance feedback loop control could not be 
implemented. The challenge was found to be lying in the tuning procedures which require 
advance and demanding techniques which were out of the initial scope of the thesis.  
The fragility of the system has been largely reduced by resetting the continuous time-
integrators in the VSM module at every breaker switching on event which allows the 
synchronism.  
The active rectifier with the LCL filter and breaker connected to a local load in a micro grid is 
shown in the Figure 6-10. The micro grid is connected to a stiff grid in the figure which can 
be tripped for island operation. 
The default settings of the active rectifier and LCL filter are given in the Table 2  (notation is 
based on Figure 5-7). The values are approximated to real system values obtained from the 
industry.  
Table 2: Default values for LCL filter parameters 
Filter 
Parameters 
SI unit Per unit 
L1,filt 57 μH  0.8e-1 pu 
Rcon 0.7 mΩ  0.285e-2 pu 
Cfilt 800 μC  0.74e-1 pu 
Rcap 0.2 mΩ  0.8e-3 pu 
L2,filt 57 μH  0.8e-1 pu 
Rgrid 0.7 mΩ  0.285e-2 pu 
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Figure 6-9: Integrated architecture of PLL, inner current controller, outer voltage controller and machine 
model 
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Figure 6-10: Active rectifier connected along with the LCL filter and controllable breaker to a local load and 
stiff grid 
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6.7 Summary of Chapter  
Based on the theoretical review in chapter 5, the PLL, inner current controller, outer voltage 
controller and the machine model have been modelled. Each model has been tested and 
verified individually. 
Subsequently, by integrating the modules, the total system for VSM-base active rectifier 
prototype has been developed. The LCL filter has also been developed based on closely 
approximated values in real life micro grid. 
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7 Simulation Results & Discussion 
The modelled active rectifier along with the LCL filter has been simulated for different cases 
and discussed the performance in this chapter. The simulation cases can be categorized as 
given below; 
1. Active rectifier – Stand-alone operation 
a. In grid-tied mode 
b. In Island mode 
c. For different scenarios as such as 
i. virtual inertia response variations 
ii. virtual damping co-efficient variations 
iii. step change in load 
2. Active rectifier – Parallel operation 
a. In grid-tied mode 
b. In Island mode 
c. For different scenarios as such as 
i. Step change in load 
ii. Paralleling of multiple units 
In a general note, in every simulation case, the active rectifier (AR) is enabled at least after 
0.2 s dead time from the simulation initialization. This is to avoid the high level of overshoot 
(approximately 1.5 pu at rated voltage) that occur in the output current if the AR is enabled 
immediately. The overshoot has been improved vastly by varying the tuning parameters. 
However, the dead time has been still implemented to avoid an undesired tripping event 
due to the high initial current which might have otherwise resulted in considerable power 
excursions during this critical 0.2 s period.  
As section 5.2 explains, the reactive power control has not been enabled by making 
reference voltage for q-component of SRF structure (Vq) making zero. Reactive power 
control has been indirectly executed with the output voltage control. As a result, quite 
acceptable reactive power regulation can be observed in the simulation graphs.  
In the discussion the system comprised of active rectifier(s), LCL filter(s) and local load(s) has 
been known as the micro grid. The controllers in the AR have been modelled in the per-unit 
whereas all the times indicated in the graph are in seconds.   
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7.1 Single Active Rectifier Simulation 
The active rectifier model in stand-alone operation has been demonstrated in this section. 
The default parameter values are tabulated below. 
Table 3: Default values for active rectifier and system parameters 
System Parameters 
 
SI Unit 
Voltage (phase to phase, rms) 690 V 
Current (phase) 2300 A 
Nominal frequency 60 Hz 
 
Active Rectifier Parameters 
Reference Power 2e6 W 
Virtual inertia 50 kg∙m2 
Virtual damping co-efficient 8e5 N∙s∙m-1 
 
Load Parameters 
Active power demand 1e6 W 
Reactive power demand + 100 var 
7.1.1 Grid-tied Mode 
Here, a single active rectifier (AR) has been simulated when it it connected to the stiff grid 
(Figure 7-1). Stiff grid can be thought as an ocean of power which has enourmous resilience 
in terms of stability. Here, the AR has output its full reference active power of 2 MW of 
which only 1 MW is consumed by the load. The balance power is consumed by the stiff grid. 
It has taken approximately 0.1 s for the AR to provide full load from no-load state. It is 
observed that power consumption of the stiff grid follows almost the mirror image of the AR 
power supply curve. This implies the fact that stiff grid adds a ‘power cuishion’ to a micro 
grid and aborbs the transients which in return adds stability to the micro grid.  
7.1.2 Island Mode 
Here, the AR has been run in grid-tied mode for 0.4 s and subsequently the stiff grid has been tripped off 
been tripped off from the micro grid to island the micro grid at 0.6 s. The  
Figure 7-2 shows the active and reactive power transients.  
When the micro grid has been islanded at 0.6 s, the stiff grid has not been there anymore to 
consume the additional power output from the AR. As a result, the output power of AR has 
been dropped to 1 MW that is precisely sufficient to source the local power demand. 
7 Simulation Results & Discussion 
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It is also evident the stiff control of active power mainly because of the virtual synchronous 
machine-based control directly acts upon the active power control coupled with the swing 
equation and phase angle deduction based on the swing equation (refer section 6.5 ). On 
the other hand, at the tripping event, reactive power of AR and a result of the stiff grid have 
shown an abrupt spike but eventual steady state. The absence of active control of reactive 
power can be thought as the reason for such undesirable spikes in the reactive power 
figures.
 
Figure 7-1: Active and reactive power plots of AR, grid and load in grid-tied mode. AR is connected to the 
grid at t = 0.2 s 
 
Figure 7-2: Active and reactive power plots of AR, grid and load in grid-tied and island modes. AR is 
connected to the grid at t = 0.2 s, stiff grid is tripped at t = 0.6 s 
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7.1.3 Simulation for different cases  
1. Virtual inertia response variations 
 
 
Figure 7-3: Comparison of active and reactive powers when virtual inertia, J = 0.5 [SI] and J = 50 [SI] 
respectively 
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Under this section, the essence of the impact of virtual inertia response is illustrated. In the 
Figure 7-3, two case one with different virtual inertia values have been compared and 
contrasted.  
Looking at the top 2 graphs of the figure which presents the active power plots of each case, 
it is manifest that in the second plot, AR output power achieves faster steady state after the 
grid connection at 0.2 s. This is true to the reactive power curves in the bottom two graphs 
as well. This clearly indicates that the inertia value of the virtual synchronous machine can 
play a significant role in deciding how quickly the AR output power can achieve steady state 
upon a disturbance.  
However, it is too early to infer that higher the inertia, faster the steady state. The Figure 
7-4 provides evidence against that fact. The figure presents the AR output power variations 
upon the grid connection against different virtual inertia values. The inertia response seems 
to be optimal at J=50 [SI] which is not the highest value out of the compared values. The 
physical reason behind this observation is when J increases, the (virtual) kinetic energy 
increases in proportion. As a result, it may take a longer time for the (virtually) rotating 
system to come to rest or synchronism. When the J is too low, the system is prone for 
oscillations as seen in the plot with lower J values.  
Therefore this plot gives a strong message that the inertia value demands 
an optimization and this optimality may differ from case to case. The 
beauty of the virtual synchronous machine concept is that optimization 
from case to case is quite possible unlike in a real machine where inertia 
response is based on the physical presence of rotating masses.  
 
 
Figure 7-4: Active power steady state time variations against different virtual inertia values 
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2. Virtual damping co-efficient variations 
Virtual damping co-efficient has been varied and simulated two cases to plot the graphs in 
the Figure 7-5. The changes of the damping co-efficient proportionately vary the damping 
power as given in Eq. 6:2.  Again, it is clearly evident that the damping power is strongly 
influential in achieving synchronism.  
 
Figure 7-5: Comparison of active and reactive powers when virtual damping, D = 0.8e5 [SI] and D = 2e5 [SI] 
respectively 
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In both active power response comparisons (top two graphs) and the reactive power 
comparisons (bottom two graphs), it can be seen that higher the damping coefficient, faster 
the AR output powers reach steady state. Unlike in the previous case of inertia response, 
here there is a positive correlation of the damping coefficient (or damping power) with the 
time to achieve steady state. Swing equation:  
  
  
          shows that higher the PD, 
faster it dampens the acceleration or deceleration to bring the total power in to steady state 
(or to rest).  
The Figure 7-6 illustrates this correlation more emphatically. With respect to the default 
damping coefficient value (=8e5 [SI]), when the damping co-efficient is lowered 20 times 
(=0.4e5 [SI]), the time to dampen the output power will be incomparably long. When it is 10 
times smaller (=0.8e5), the damping time increases in more than 3 seconds.  
Also it is noticeable that higher the damping co-efficient, lower the power over shoot 
therefore lower the output current overshoot. This implies the protective measures and the 
current ratings of the power cables and lines can be extensively relaxed when having higher 
damping properties of the AR.  
Again, it is worthy to note that the damping effect of virtual synchronous 
machine-based active rectifier is flexible and can be optimized according to 
the demand unlike in an actual synchronous generator which generates 
damping power with fixed, physical damper windings. 
 
Figure 7-6: Active power damping time variations against different virtual damping co-efficient values 
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3. Active rectifier response to a step load in grid-tied mode  
Step load 0.5 MW connected at 0.6 s 
A step load has been introduced to the micro grid at 0.6 s in addition to the default 
load of 1 MW. The active rectifier has shown acceptable response upon the step load 
as shown in the Figure 7-7. It must be noted that as soon as the additional active 
power of 0.5 MW has been started to be consumed by the step load, the stiff grid 
power consumption has decreases by the same amount. This is because the AR 
power supply is constant at its reference value of 2 MW. 
 
Figure 7-7: Active power plots against a step load change of o.5 MW in grid-tied mode 
 
4. Active rectifier response to a step load in island mode 
Step load 0.5 MW connected at 0.6 s 
 
Figure 7-8: Active power plots against a step load change of o.5 MW in island mode 
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Figure 7-8 presents the active rectifier (AR) power profile against a step load at 0.6 s in the 
island mode. The power profiles of AR and combined load have been almost identical and 
therefore overlapped.  
This suggests that the AR controllers have fast response to the load changes 
in the micro grid. Also ideal overlapping indicates the robustness of the AR 
controller with strong resilience against load changes. 
 
7.2 Parallel Active Rectifier Simulation 
Two active rectifiers have been paralleled in the micro grid to investigate the parallel 
operation thereby the redundancy and load sharing features. At the end of the section, 
simulation results of paralleling of three ARs have been presented. 
A schematic of the micro grid with the paralleled system is illustrated under the Figure 7-9. 
Table 4 presents the parameter values of each active rectifier in parallel and the system 
values. The parallel active rectifiers have identical features except the highlighted items, the 
reference powers and the droop percentages. It must be noted that the LCL filter 
parameters are identical in each active rectifier 
Table 4: Default parameters for each AR in parallel operation and system parameters 
System parameters 
 
Units 
 Voltage (phase to phase, rms) 690 V 
Current (phase) 2300 A 
Nominal frequency 60 Hz 
Active Rectifier 1 (AR 1) parameters 
Active Rectifier 1 (AR 1)  Parameters Refer nce Power 2e6 W 
Active power droop 0.02 [%] 
Virtual inertia 50 kg∙m2 
Virtual damping co-efficient 8e5 N∙s∙m-1 
Active Rectifier 2 (AR 2) parameters 
Active Rectifier 2 (AR 2)  Parameters Refer nce Power 3e6 W 
Active power droop 0.06 [%] 
Virtual inertia 50 kg∙m2 
Virtual damping co-efficient 8e5 N∙s∙m-1 
Load parameters 
Load Parameters 
 
 Active power demand 5e6 W 
Reactive power demand + 200 var  
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Figure 7-9: General simulation schematic with two active rectifiers connected in parallel with the stiff grid 
across their filters and impedances 
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7.2.1 Grid-tied Mode 
Here the micro grid has been connected to the grid. The micro grid has contained two ARs 
connected in parallel. The power profiles are shown in the Figure 7-10. 
Before ARs have been enabled, the entire active power load demand has been sourced by 
the stiff grid. At 0.2 s, when the ARs have been enabled, they have slowly built up to provide 
the fixed load. It is seen how the ARs have shared the load demand 2 MW and 3 MW 
respectively in the steady state. The grid power goes to zero at steady state as there is no 
excess power to be sourced or consumed by the grid to/from the micro grid. 
 
Figure 7-10: Active and reactive power plots of AR 1, AR 2, grid and load in grid-tied mode  
 
Figure 7-11: Frequency plots of AR1, AR2 and stiff grid in grid-tied mode 
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The frequency plots of Figure 7-11 shows steady curves of frequency affixed to the nominal 
frequency of 60 Hz. This steadiness is influenced by the stiff grid. It can be outlined that this 
one of the features and advantages of operating in grid-tied mode where the frequency 
excursions of the individual components will be negligible.  
7.2.2 Island Mode 
Here, the simulation has been carried out islanding the micro grid. Unlike in the previous 
case, here the load is also disabled until 0.2 s at which only the power has begun to flow 
with enabling of the ARs (Figure 7-12). 
Similar to the grid-tied mode, in the island mode as well, the ARs shares the load in 
proportion to the respective reference powers in steady state. 
 
Figure 7-12: Active and reactive power plots of AR 1, AR 2, grid and load in island mode 
 
Figure 7-13: Frequency plots of AR1, AR2 and grid in island mode 
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In the same figure in active powers plot, it is noticeable that AR 1 initially shows an 
overshoot of power at the point of enabling. This is because the current limitation has not 
been implemented in the system. Therefore ARs do not understand its power rating. This is 
a notable absence that has to be carried out in the development in the project. The reactive 
power plots display more significant disturbance compared to that in the grid-tied mode. 
The reason for massive oscillation is because the direct control of reactive power has not 
been implemented. The reason for difference of oscillations in comparison is due again due 
to the absence resilience that would have been enjoyed in the grid-tied mode.  
The Figure 7-13 highlights a significant behaviour in frequency of the island mode. Unlike in 
the, grid-tied mode, here the frequency has experienced a sudden dip at the connection of 
load to the ARs. When ARs move from no load condition to full load state, a frequency drop 
is expected according to the theoretical explanation in the chapter 3. However, here, the 
percentage of frequency drop has been alarming and would harm the micro grid 
components.  
The dramatic frequency drop explains the value of black start of a micro grid. When a grid is 
energized from the zero power level, there is a standard procedure to follow before 
connecting the full load to the synchronous generators [13]. A similar procedure must be 
followed in real life when operating with active rectifiers as well. 
7.2.3 Simulation for different cases 
1. Step load in grid-tied mode 
Initial load = 1 MW, Step load = 3 MW connected at 0.6 s; 
Here, only the active power plots are considered as in the Figure 7-14. The most important 
information is provided in the  
Figure 7-15 of frequencies. When the step load has been connected at t=0.6 s, the 
frequencies of AR 1 and AR 2 has dropped by about 0.2 Hz maximum for a very short period. 
However, the frequencies have regained the nominal frequency in quick time. This 
steadiness of the frequency can be attributed to the presence of the stiff grid in connection 
to the micro grid. The situation will be different in the island operation. 
2. Step load in island mode 
Reference Powers of AR1 & AR2 are equal, 3 MW each 
Initial load = 1 MW, Step load = 3 MW connected at 0.6 s; 
Under this case, power references of each AR have been made equal to show the behaviour 
of the micro grid. Figure 7-16 provides the active power plots of this case. 
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Figure 7-14: Active power plots of AR 1, AR 2, grid and load against a step load change of 3 MW in grid-tied 
mode 
 
Figure 7-15: Frequency plots upon a step load change in grid-tied mode 
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Figure 7-16: Active power plots of AR 1, AR 2, grid and load against a step load change of 3 MW in island 
mode. Reference Powers: AR 1=AR 2=3 MW 
  
It is seen as expected, how the load has been equally shared by the two ARs. The most 
interesting aspect of this scenario is highlighted by the Figure 7-17 on frequency variations. 
Unlike in the grid-tied mode, here the frequency drop has remained in the steady state after 
the step increase in the load. This is because the extra load has been compensated only by 
the ARs without the stiff grid. As a result, the speed has been dropped in the virtual rotating 
masses as per the theoretical explanation in section 4.1.3. The speed references need to be 
readjusted to bring back the frequency in to original value. 
 
Figure 7-17: Frequency plots of AR 1, AR 2 and grid mode against a step load in island 
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below. The power references have been 2 MW, 3 MW and 4 MW of AR 1, AR 2 and AR 3 
respectively. 
In grid-tied mode 
 
In Island mode 
 
Figure 7-18: Paralleling of 3 ARs (a) in grid-tied mode (b) in island mode 
This, on the other hand, shows the seamless expandability of the system, which is a valuable 
feature found in UPS systems. 
7.2.4 Redundancy  
To demonstrate the redundancy feature discussed in the chapter 3 on UPS, in island mode, 
one active rectifier has been suddenly tripped to observe the aftermaths.  
It can be observed when AR 2 suddenly trips at 0.6 s, AR 1 has immediately compensated for 
the absent power share. This provides evidence to the feature of redundancy in the micro 
grid with active rectifiers to behave like UPS systems in parallel.  
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Figure 7-19: Active and reactive power plots of AR 1, AR 2, grid and load in island mode. AR 1 & AR 2 
connected to the grid at t = 0.2. AR 1 tripped at t = 0.6 
7.3 Summary of Chapter  
The proposed model for virtual synchronous machine-based power control of active 
rectifiers for micro grids has been simulated in stand-alone, in parallel both in grid-tied 
mode and island mode.  
The model has shown the behaviour of a synchronous machine by displaying damping, 
inertia responses and natural load sharing feature. Further to that, the model has emulated 
the synchronous machine performance in damping and virtual inertia responses due to its 
additional possibility of varying the virtual parameters to optimize the performance which is 
not the case of an actual synchronous machine. The feature of redundancy that is known for 
UPS has also been replicated by the active rectifiers. 
The model needs to be improved in current limitation and reactive power control for better 
performance.  
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8 Conclusion  
8.1 Conclusions 
Under the scope of the master thesis, a simulation prototype of an active rectifier which 
controls power based on the virtual synchronous machine (VSM) approach has been 
developed. The control strategies of the proposed model have been inspired by the novel 
control techniques of well-established uninterruptible power supplies (UPS) and 
synchronous generator-sets. Therefore, the proposed system replicates the properties and 
performance of both synchronous generator and UPS system. 
It is evident from the simulation results that the active rectifier model possesses the 
damping, inertia response and load sharing properties to behave as a synchronous 
generator and also redundancy and expandability to imitate UPS systems. 
The designed active rectifier has displayed aforementioned properties in a micro grid with 
fixed loads as well as step loads. Active rectifier interfaced micro grid has shown equally 
promising results both in grid-tied and island modes. It has also been proven that the model 
can successful function in stand-alone as well as in parallel with theoretically infinite 
number of similar modules.  
Highlight of the simulation results has been the flexibility of virtual machine parameters of 
the active rectifier. Unlike in an actual synchronous machine with physical presence of 
rotating masses and damper windings, the virtual damping and inertia response can be 
varied to achieve optimality. Further to that due to the software virtualization, no extra 
effort has to be taken in the proposed model to avoid magnetic saturation or eliminate eddy 
current losses. 
The active rectifier has been modelled based on the synchronous reference frame control 
strategy. The current, voltage and phase-locked loops have shown satisfactory performance 
individually. However, a considerable degree of fragility has been experienced in the total 
system that has incapacitated the expansion of the control structure. 
In conclusion it can be stated that the proposed virtual synchronous machine-based active 
rectifier has seemed to be very promising to interface micro grids because it enhances the 
system stability and reliability by emulating the behaviour of well-established synchronous 
machines and UPS. 
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8.2 Further Work 
1. Direct control of reactive power needs to be implemented to ensure total power 
control. 
2. Replacement of the voltage source model with the power electronic bridge inverter 
and PWM module 
3. Further studies on harmonics need to be carried out and harmonic filtering needs to 
be implemented that will enhance the output power quality. 
4. Current saturation limits need to be implemented to avoid overrated current flowing 
in steady state. 
5. Supplementation of virtual inertia response with energy storage options; 
In addition to the virtual inertia response with moment of inertia, by using a back-up 
storage system as in UPS, can improve the total effect of the inertia and thereby the 
frequency stability of the active rectifier. 
6. Validating the simulation results with laboratory setup and experiments for optimal 
virtual machine parameters 
7. To blow fuses upon a line fault, very high levels of current flow is required. It must be 
investigated how power electronic components would emulate this inherent feature 
easily available in a synchronous generator 
8.3 Recommendations 
1. It can be recommended to adopt more robust control architecture and tuning 
procedures which will allow more flexibility in control design. 
2. Adoption of PR Controller instead of PI Controller can be useful in selective harmonic 
reduction as well as less costly hardware selection 
3. It can be recommended to first replace the voltage source model with a hysteresis 
controller and inverter bridge and test the entire system. Subsequently, the 
hysteresis controller can be replaced by the PWM modulator which comes with 
inherent harmonic content. 
4. Implementation of active damping to dampen out the oscillations that may occur 
between the LCL filter and the grid or active rectifier. 
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Appendix A: Definition of per-unit 
system 
Based on the accepted conventions for electrical machines and drives systems, the per-unit 
system can be presented as follows; 
   √                                     
 
 
                     
          
      
 
 
       
                
          
      
      
  
  
 
   
  
  
 
   
 
     
 
 
 
 
 
 
 
 
 
 
94 | P a g e   N T N U  2 0 1 2  
 
Appendix B: Reference frame 
transformations 
4. Amplitude-invariant Clarke transformation 
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5. Park transformation 
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Appendix C: Tuning of control loops 
           
                       
 
1. Tuning of PLL by Symmetric Optimum Criteria  
The signs are based on the Figure 5-10 
                          
       
     
   
 
          
 
 
2. Tuning of inner current control loop by Modulus Optimum Criteria 
             
                              
    
 
   
 
   
       
       
 
      
   
       
    
  
3. Tuning of outer voltage control loop by Symmetric Optimum Criteria  
            
   
     
  
 
         
      
     
   
  
      
 
 
 
